Abstract This paper compares the biofilter capacity and costeffectiveness of blue mussels (Mytilus edulis) and seaweed for use in integrated multi-trophic aquaculture (IMTA) based on experiences in Ireland and Denmark. This comparison shows that weight for weight, mussels are a better biofilter than seaweed with regard to the amount of nitrogen assimilated. Furthermore, in optimized systems, areal requirement for mussels is similar to the cultivation of the same tonnage (1,000 t) of seaweed (approximately 8 ha). The cost-effectiveness of a mussel biofilter is €11-30 kg −1 nitrogen (N) removed based on various examples compared to production costs of €209-672 removed and €1,013 kg −1 N removed, respectively, for Laminaria digitata and Alaria esculenta from extrapolated laboratory and field trials. However, commercial seaweed (Saccharina latissima) producers claim that production costs are less than €10-38 kg −1 N removed.
Introduction
In Western countries, open sea aquaculture is generally performed as a monoculture, with few or no methods to ensure that such an intensive activity has the minimal impact on the marine environment. The production of particulate organic matter (POM) and its effect on the surrounding benthos around and below fish farms has previously been the focus of much debate (Chopin et al. 2001) . However, the focus has changed to the production of dissolved inorganic nitrogen (DIN), due to the worldwide phenomenon of nutrient enrichment and eutrophication in coastal waters (Chopin et al. 2001) .
One method that has been proposed to mitigate the effects of nutrient enrichment from aquaculture systems is integrated multi-trophic aquaculture (IMTA). This is accomplished by integrating the production of fed aquaculture species (e.g. fish or shrimp) with extractive organisms (e.g. shellfish, seaweeds, echinoderms, polychaetes, bacteria etc.) whereby extractive and harvested species utilize the particulate and dissolved waste products from the fed organisms (Fig. 1 ). This combination culture of species occupying different trophic levels attempts to create an innovative, effective and responsible method of aquaculture which maintains the health of the coastal waters (Chopin et al. 2001 Barrington et al. 2009; MacDonald et al. 2013) . The phototrophic and herbivorous conversion of fish waste increases nutrient retention in the culture system (e.g. 20-42 and 29-45 % feed nitrogen (N), respectively), whereas bacteria or worm biomass contributes to much smaller conversions of nutrients (e.g. 7 or 0.06 % feed N, respectively) to the increased overall nutrient retention. However, bacteria and detritivores are rarely integrated into intensive aquaculture systems, and their potential might be underestimated (Schneider et al. 2005) .
IMTA is actually a method that has been practised through trial and error for centuries in Asia, while superficially, it appears to be a new concept introduced into Western countries from the 1970s onwards Barrington et al. 2009) .
The relationship between the release of nutrients from the fish farms and the potential negative impacts is recognized by environmental protection agencies/departments in many countries. For example, in Denmark, the amount of fish that aquaculture producers are allowed to grow is directly related to a certain limit or quota of released phosphorous (P) and in particular nitrogen (N). This cap on released nutrients is a major limiting factor for the industry; hence, the Danish marine aquaculture enterprises were unable to expand their production of fish for 20 years since 1987 (Holdt et al. 2006 ; Fig. 2 ), despite the increasing global demand for aquaculture products (FAO 2011) . Between 2007 and 2011, Danish marine fish production increased by 53 % up to almost 11,000 t, but this is far from the goal of the action plans ( Fig. 2 ; Danish Aquaculture Statistics 2013a). This environmental concern and consequent limitations are prevalent despite the fact that the Danish marine fish farms contribute approximately 1 % of the total Danish yearly N release into the Baltic Sea (43,000 t year −1 out of a total N loading of 652,000 t year
), where terrestrial fertilizer runoff from agriculture is identified as the main input (HELCOM 2012) .
The Danish Ministry of Food, Agriculture and Fisheries aquaculture report (Havbrugsudvalget 2003) suggested that fish farms should be moved to the open sea to mitigate for potential eutrophication ('dilution as a solution'). Furthermore, it was recommended that trials should be initiated with extractive cultures or biofilters in the form of seaweed or mussels (Havbrugsudvalget 2003) . The Danish Government action plans for aquaculture included increasing the Danish marine fish production by five times, up to 40,000 t per year by 2013 amongst other goals. However, in addition, a stipulated requirement was made that the environmental impact of 1-kg farmed fish should also be reduced by 40 % to a maximum total Danish fish farm nitrogen release of 2,400 t N (Møhlenberg et al. 2010; Fiskeriudvikling 2007) . A revised action plan for aquaculture is expected to be released by the Danish Government in March 2014. In 2008, the Ministry of the Environment demanded that the largest fish farm in Denmark (Musholm Lax A/S) should reduce its nitrogen release by 10 % (i.e. by 10 t N) by more efficient or reduced feed strategies or by the use of biofilters. Farmed trout (and other salmonid fish) diets and feeding techniques have been improved significantly in order to reduce the loss of nutrients (Havbrugsudvalget 2003) . These are unlikely to be improved significantly by any further technological developments (Møhlenberg et al. 2010) ; hence, IMTA practices and the use of biofilters are viewed positively by the industry as a way t o de creas e t he ir env i ronmen tal foo tprint (Havbrugsudvalget 2003) . However, fish production will not be increased and may even possibly be reduced in Denmark, if new cultivation methods such as IMTA do not fulfill the environmental targets set (Møhlenberg et al. 2010) . In Denmark, the seaweed and mussels are recognized as the best available technique for bioremediation of nutrients at fish farms in the open sea; however, the uptake of nutrients released from the fish farms has to be confirmed (NEBA 2012) . While the extractive biofilters of an IMTA system can make a significant difference to the marine fish farm nutrient budget, they cannot yet contribute much to remediation of the total N budget of Denmark due to the scale of this input.
Extractive organisms such as seaweed and mussels must be harvested in order to remove the assimilated nutrients from the marine environment. Efficiency of the biofilter can be calculated by estimating the total N and P in the tissue of the removed biomass (total tonnage of biomass multiplied by concentrations of N and P in tissue as determined by compositional analysis). Uptake efficiency of the biofilters cannot be inferred by water analyses from these open system marine fish farms because there is no defined in and outlet. Dilution of released nutrients can be enormous, and the concentrations fluctuate over time.
This paper compares the production efficiencies and costs of blue mussel (Mytilus edulis) and kelp (large brown seaweeds) cultivation within an IMTA system with figures taken from Danish and Irish aquaculture examples. Unlike some studies (Cranford et al. 2013; Reid et al. 2013b; Cranford et al. 2007 ), the paper does not follow the fate of N throughout the whole nutrient cycle (e.g. the nutrient losses, filtration and accumulation efficiency of the extractive species) but instead focuses only on the total amount of nitrogen removed as mussel/seaweed biomass at harvest. Predators, grazers, aquaculture acceptance and the value of the end product will also be discussed.
Seaweed productivity and assimilative capacity
Seaweed cultivation may be a recent phenomenon in Europe; however, global seaweed production accounts for 24 % of the total quantity of aquaculture (fresh and marine) worldwide (FAO 2012) . Asia has 99.6 % of this share, and China alone accounts for the 58.4 % (FAO 2012). The yield of brown seaweeds on an annual basis is 12-60 t dry weight (dw) ha −1 year −1 by rope cultivation reported from worldwide experiences (Bruton et al. 2009 ). The highest yields in this report are from Chinese studies, and other yields are from extrapolations from small-scale experiments. Yields from scaled-up experiences are lacking, especially from Northern Europe. For example, extrapolation on yield of Saccharina latissima cultivated near a fish farm in Scotland resulted in 33-51 t dw ha −1 year −1 with 2.5 % N concentration (Sanderson et al. 2012) . In this paper, we will use a yield of 120 t wet weight S. latissima per hectare per year (the equivalent of 18 t dw ha −1 year −1 and a value of 15 % dry weight (Bruton et al. 2009; Holdt and Kraan 2011; Handå et al. 2013 ), which will be able to assimilate 576 kg N (3.2 % N dw (Gevaert et al. 2008 ); 1.6-3.9 % N dw (Handå et al. 2013) ). Production of this conservative yield is considered as a realistic short-to medium-term goal, given current levels of production, investment and experience of kelp cultivation in Northern Europe. It also strives to take into account any potential decreased productivity that may occur with intensification of cultivation due to reduced nutrient flow through intensive longline culture systems. Several of the European kelp species (Laminaria digitata, S. latissima and Alaria esculenta) have been cultivated on string or ropes (Arbona and Molla 2006; Edwards and Watson 2011) . The life cycle, cultivation procedure and yield of A. esculenta, S. latissima and L. digitata are similar and can therefore be compared. Kelp sporophytes develop on rope or string either by directly settling spores on the substrate or by control of sexual reproduction of the gametophyte stage. The settling stages are done in a seaweed hatchery under controlled conditions, and the germinated sporophytes are deployed and cultivated in the sea (Arbona and Molla 2006; Edwards and Watson 2011) . In addition to phosphate, growth of kelp sporophytes depends on the availability of DIN, mainly in the form of nitrate and ammonium, which is assimilated Fig. 1 Schematic of an integrated multi-trophic aquaculture (IMTA) example of rainbow trout in a polar circle cage, mussels on a SmartFarm™ longline and seaweed suspended on droppers on longlines (© S.L. Holdt) Fig. 2 The marine fish (rainbow trout (Onchorynchus mykiss)) produced in marine fish farms in Denmark (Holdt et al. 2006; Danish Aquaculture Statistics 2013a) at different rates by different kelp species depending on a number of environmental parameters, including the seawater concentration of DIN (Bartsch et al. 2008) .
Information on the production costs for intensive seaweed cultivation is scarce, and most available data is based on extrapolations from laboratory experiences (nurseries/hatcheries) and field experiments where, for example, 14.4 km seeded culture string is produced in an Irish report (Edwards and Watson 2011) . From this example, the costs of approximately €240,000-326,000 are based on a pessimistic yield average of 7 kg m −1 longline wet weight brown seaweed (L. digitata) which produces a harvest of approximately 100 t wet weight of seaweed (Table 1 ; Edwards and Watson 2011 ).
An earlier example of an economic analysis of seaweed cultivation suggests that €50,000 production costs for the cultivation of A. esculenta in Ireland (Arbona and Molla 2006) would produce 10 t of wet weight seaweed (Table 2 ). Extrapolated production costs are approximately €2,380-3,225 t −1 wet weight seaweed from Edwards and Watson (2011) and €5,000 t −1 wet weight seaweed produced from Arbona and Molla (2006) . The Danish commercial seaweed producer, Seaweed Seed Supply (formerly Bluefood), claims that seeded ropes of S. latissima can be produced and later harvested for less than €40 t −1 of wet weight seaweed (Fig. 3) . This cost includes all processes until the harvested seaweed is landed on the quay (including depreciation costs, labour, electricity etc.; R. Bjerregaard, Seaweed Seed Supply, Denmark, pers. communication). However, this price is questioned by horticulturist and seaweed aquaculturist J. Schipper (Hortimare BV, The Netherlands, pers. communication), 'because it is most unlikely that seaweed cultivation can be produced with lower production costs of landcrops'. J. Schipper proposes an average production cost of €180 t −1 (wet) of seaweed S. latissima (for a pilot-scale operation in the Netherlands), but believes it is realistic that this cost can be reduced to €75-90 t −1 (wet) in 10 years' time (Fig. 3) . The historical, recurring production costs (consumables, electricity, labour) of wet seaweed biomass from Arbona and Molla (2006) and Edwards and Watson (2011) and Seaweed Seed Supply are plotted in Fig. 3 . The figure uses the production costs presented in Edwards and Watson (2011) combined with increased biomass productivity (10 kg seaweed per metre; M. Murphy, Dingle Bay Seaweeds, Ireland, pers. communication) to provide an estimate of current costs in 2013. The Irish values indicate a steady reduction in production costs as experience of pilot-scale seaweed deployment increases over time, although the figures are still significantly greater than the Danish seaweed example. The upscaling of cultivation is necessary in order to keep costs to a minimum (R. Bjerregaard, pers. communication).
Mussel productivity and assimilative capacity
Total global mussel cultivation is approximately 1,800,000 t, of which, 9.8 % are blue mussels (Mytilus edulis) produced mainly in Europe (84 %; FAO 2013). Juvenile mussels (spat) settle on most surfaces deployed or present in the sea, including collector rope. This process can be exploited for rope mussel cultivation, leaving settled mussels on vertically deployed rope 'droppers' until they reach a harvestable size (Buck 2007) . Mussels can be cultured in a variety of ways, including bottom culture, on rope droppers on rafts or longline systems (Handå et al. 2011 ). This paper only considers longlines and Smartfarm™ longlines, because these are the cultivation systems commonly used in Denmark and Ireland. Longlines are preferable in Denmark and Ireland because they are the structures best able to withstand the levels of exposure experienced at designated culture locations (D. Millard, BIM, pers. communication).
As filter feeders, mussels assimilate POM mainly in the form of phytoplankton and when downstream of fish farms, they filter additional particulates such as faeces and fish feed. Mussels can therefore be considered to utilize DIN indirectly through the assimilation of the phytoplankton that directly requires DIN for growth and development (MacDonald et al. 2011 ). Troell and Norberg (1998) found that the ambient seston concentration is of greater importance in controlling mussel growth in a co-cultivation with salmon, and increases in suspended solids from the fish farm may only contribute significantly during periods of low phytoplankton production. While we acknowledge that N assimilation through mussel culture is complex e.g. due to particle size selection, filtration, losses through faeces and pseudo-faeces (Cranford et al. 2013; Troell and Norberg 1998) , this paper only addresses the fate of the measurable, assimilated N in seaweed/mussel tissue that is removed upon harvest.
Modeling and calculations were performed for mussel production near three Danish fish farms in a report conducted for the Danish Aquaculture Organization (Møhlenberg et al. 2010 ). This report concludes that the most cost-effective production of blue mussels was with a production cost of approximately €0.11 kg −1 mussel which equates to €11.40 kg −1 N removed by the production in the Great Belt in Denmark. The cost-effectiveness of mussel production at the two other localities was significantly less due to slower water currents. The modeling revealed that the water current velocity is an important limiting factor for production of rope-cultured blue mussels and has a direct effect on suspended particles and food availability (Troell and Norberg 1998; Møhlenberg et al. 2010; Cranford et al. 2013 ). Mussel density is also an important consideration with respect to site location and design of the production facility. The production process also requires that mussels are thinned out to secure a high specific growth rate (Møhlenberg et al. 2010 ).
The operation of traditional longlines (Fig. 4 ) supporting rope droppers is 45-60 % more cost-effective (the aforementioned €11.40 kg −1 N removed) than the Smartfarm™ model (longline supporting a vertically suspended net; Fig. 1 ), when the establishment and operational costs are taken into account (Møhlenberg et al. 2010) . A national Danish funded project MarBioShell has produced blue mussels for two seasons and has concluded that the predictions of the carrying capacity in the Great Belt of Denmark were too pessimistic. The most recent estimations are that 2,500 t of mussels can be produced, therefore, removing 20-25 t N in an area of 250 m×750 m (a typical cultivation area) with an expenditure of €135,000-160,000 per year (F. Møhlenberg, DHI, Denmark, pers. comm.), assuming mussels are grown in a longline system. Productivity of commercial rope mussel aquaculture was also modeled in the UISCE project (Understanding Irish Shellfish Culture Environments) for Killary Harbour, Ireland (Dallaghan 2009) . Several different models estimated the carrying capacity for the fjord-like sea inlet and estimated that the area could produce an annual maximum mussel biomass of 19-27 t ha −1 (Nunes et al. 2011 ).
Cost-effectiveness and areal requirements of seaweed and mussels biofilters
While it is recognized that seaweed assimilate DIN and mussels filter phytoplankton and POM, DIN is assumed as the nitrogen source for both organisms for the purposes of making a comparison of the efficiencies of mussel and seaweed biofilters. In addition, an average nitrogenous content of mussels and seaweed has been assumed of 1 % N of wet whole mussel (shell and meat) biomass (Møhlenberg et al. 2010; Petersen et al. 2013 ). This whole mussel N content is also within the range described by other authors, once their data has been standardized to whole mussel N (Smaal and Vonck 1997; Ricciardi and Bourget 1998; Pérez-Camacho et al. 2013) . Average nitrogenous content was assumed to be 0.48 % of wet seaweed biomass (Gevaert et al. 2008; Holdt and Kraan 2011) . The cost-effectiveness of the biofilter can be calculated using this average nitrogenous content and the production costs for either mussels or seaweeds (€ kg −1 N removed per tonne wet biomass; Table 3 ). The cost of assimilating nitrogen using mussels as a biofilter ranges from €11.4 to 19.2 kg −1 N removed (Møhlenberg et al. 2010) , whereas the cost of removing nitrogen using seaweeds is significantly higher in the Irish example €209 kg −1 N removed, or €496-672 kg −1 N removed when capital costs are included (Edwards and Watson 2011; Table 3 ). However, the costeffectiveness of seaweed as a biofilter is €8 kg −1 N removed when produced by the commercial-scale company in Denmark (Seaweed Seed Supply) and €38 kg −1 N when produced by a comparable company in the Netherlands (Hortimare BV, J. Schipper, pers. communication; Table 3 ). The space required to produce 1,000 t of mussel biomass (7.5 ha) and seaweed biomass (approximately 8 ha) is approximately the same (Table 4) . However, this assumes a much more efficient seaweed cultivation than has been demonstrated by the Irish example where a larger area of 29-143 ha would be required to produce 1,000 t of seaweed, even though the ∼8 ha example is considered conservative (∼18 t dry equivalent to ∼120 t wet weight seaweed as per Bruton et al. (2009) ; Table 4 ). Seaweed Seed Supply can cultivate 1,000 t wet weight seaweed biomass in 40 ha (R. Bjerregaard, pers. communication) . This latter number is derived from recent, ongoing commercial experience where the seaweed is cultivated in an IMTA system with rainbow trout (Onchorynchus mykiss), blue mussels (Mytilus edulis) and sugar kelp (Saccharina latissima).
When the cultivation areas required to assimilate 10 % of the dissolved nitrogen excreted from the largest and smallest fish farms in Denmark are compared, mussels require approximately half the space than even the most optimized seaweed estimations (Table 4) .
Discussion
Whether on land or at sea, food production (amongst other human activities) has often had multiple negative impacts on the surrounding habitats due to the intensity of the farming or harvesting method and the huge strain this places on resources that are often finite (Green et al. 2005) . In recent years, monoculture finfish practices have been criticized for disrupting the natural balance of nutrients present within the surrounding marine ecosystems, whereby the excretion of additional macronutrients (nitrogen and phosphorous) can contribute to increased coastal eutrophication in some areas (European Commission 2013; Wang et al. 2012) . Consequently, newer and more environmentally sustainable aquaculture Fig. 3 Fig. 4 Schematic of a mussel production unit with droppers attached to a horizontal longline (not shown) with the width (W), length of traditional longlines (L), height of droppers (H), distance between longlines (D), the free water current outside the production unit (Co) and the water current between longlines (C I ) (reproduced with permission from Møhlenberg et al. 2010; © M.D. Edwards) practices are to be considered if the effects of monoculture are to be mitigated. Integrated multi-trophic aquaculture (IMTA) may be one such tool as best available technology (BAT), whereby extractive organisms such as, but not limited to, mussels and seaweed are used as an effective biofilter, and ecological balance is maintained (Neori et al. 2007 ). Naturally, other extractive organisms should be taken into consideration in an IMTA system, especially species that do not require extra space, for example, sea cucumbers, which can be cultured below existing aquaculture structures (MacDonald et al. 2013 ). However, while this paper focuses on the comparison of the biofilter capacity of seaweed and mussels, the study could be repeated in the future to include more species as IMTA systems become more complex and efficient.
This study shows that on average, weight for weight, mussels are a more efficient biofilter compared to seaweed with regard to nitrogen assimilation and deposition within the biomass by approximately 50 % (Table 3 ). While Table 4 shows that optimized mussel and seaweed cultivation will produce the same amount of biomass per approximate area (1,000 t in ∼8 ha), it may be more realistic at present to assume that the space required for seaweed production can be significantly greater than for mussels, based on reported pilot-scale seaweed experiments (Arbona and Molla 2006; Edwards and Watson 2011) and commercial experience in Denmark (Seaweed Seed Supply). For example, the Irish pilot-scale experiments suggest seaweed cultivation may consume 19 times the space required for mussel cultivation, whereas Seaweed Seed Supply in Denmark can produce seaweed somewhat more efficiently in 5 times the space required for mussel cultivation, demonstrating a move towards a more optimized system. Mussel cultivation becomes considerably more attractive than seaweed cultivation for the same amount of assimilated nitrogen, if areal restrictions are made on aquaculture sites. Although directly unaccounted for in this desk-based study, future calculations of areal requirements for mussel and seaweed cultivation should acknowledge any decrease in biomass production that may develop when DIN/POM availability is reduced due to decreased current velocity as rope cultivation per unit area intensifies.
In recent years, the complexity of marine ecosystems and aquaculture activities (including IMTA) has been modeled at a variety of spatial scales to answer a range of questions on carrying capacity, productivity and environmental management (Duarte et al. 2003; Guyondet et al. 2010; Navas et al. 2011) . In a recent study, Reid et al. (2013a) calculated the excretion of waste products from a salmon (Salmo salar) farm in the Bay of Fundy, Canada and the amount of seaweeds (A. esculenta and S. latissima) required to assimilate all excreted nitrogen (and other waste products). Nitrogen excretion Table 3 Comparison of production costs per wet tonne of seaweed and mussels and production cost per kilogram N removed (per tonne) in seaweed and mussels (Nunes et al. 2011) from the Canadian salmon example was similar to that estimated for the Danish rainbow trout production in this study (2.95 and 3.9 %, respectively), while A. esculenta uptake rates were almost identical to averaged seaweed uptake rates assumed in this study (4.4 and 4.8 kg N removed per tonne of wet seaweed, respectively). However, the biofilter capacity of S. latissima was lower (2.3 kg N removed per tonne of wet seaweed) in the study of Reid et al. (2013a) . This compares with a modeled N removal rate of 5 kg N t −1 S. latissima as reported by Broch and Slagstad (2012) . Production values of 63 to 95 t ha −1 for the A. esculenta and S. latissima (Reid et al. 2013a ) exceed both the Irish and Danish seaweed productivity examples ( Table 4 ), suggesting that Canadian yields are more efficient. Nevertheless, space requirement is becoming more apparent from several recent studies. Huge areas are needed to cultivate enough seaweed to fully assimilate the amount of N released from a medium-sized salmonid farm (1,000 t), with each study reporting very similar areal requirements (Table 5 ).
The cultivation of seaweeds in 50-352 ha per medium-sized salmonid farm may be impractical (Table 5) ; however, the growth of seaweeds (and mussels) for the Danish model of aquaculture bioremediation of 10 % may still be a feasible option (Table 4) . Mussels and seaweeds both take up nutrients (albeit in different forms) in their role as a biofilter, and whereas seaweeds do not produce dissolved waste nitrogen products, mussels excrete DIN and POM in faeces and pseudo-faeces. The concentration of ammonia increases significantly in mussel areas as noted by Asmus and Asmus (1991) and Retamales and Buschmann (1996) . Recent modeled estimates for commercial rope mussel cultivation in Bantry Bay, Ireland confirm that mussel cultivation generally increases DIN in the bay by 25 % as a result of the remineralization of POM (filtered and digested phytoplankton; Dabrowski et al. 2013 ). The mussels excrete 45 % of the ingested N (equivalent to approximately 0.02 g g −1 mussel tissue day
−1
). However, despite this, mussels do effectively have a net removal of DIN from the water body by building up biomass (Dabrowski et al. 2013 ). This suggests a useful phenomenon where seaweed productivity could be enhanced not just by the fish farm DIN but further by the mussel DIN within an IMTA system, especially if algal growth is limited by the lack of availability of inorganic nutrients in other areas (Bartsch et al. 2008) . Interestingly, Dabrowski et al. (2013) also reported that part of the DIN produced by the mussels was transported outside of the bay (due to bay current regimes and prevailing weather), which suggests that some or all of the chosen biofilter(s) may not need to be closely positioned to the source of the DIN to assimilate the nutrients produced.
Furthermore, this spatial separation of nutrient source and biofilter within an IMTA system is the concept of geographically decoupled nutrient removal (Birkeland 2011) . At the system level, the origin of the assimilated nitrogen is immaterial if the biofilter always represents a net removal of nitrogen, when the biomass is harvested and removed from the water body. This is true of nutrients that originate from the fish farms described here or from water bodies upstream of the fish farm. This decoupling also applies to the DIN released by the mussels because, as mentioned previously, mussels take up more nitrogen than they excrete (Dabrowski et al. 2013) . While the decoupled biofilter(s) will balance N at the greater ecosystem budget level, it may still be possible that nearby effects of nutrient enrichment from a fish farm could still persist, potentially leading to localized eutrophication problems. In all situations where decoupling of biofilters is considered, a good understanding of the aquaculture site bathymetry, current flow etc. is required to allow for more accurate siting of biofilter structures, thereby improving the efficiency of the IMTA system near to and further away from the source of nitrogen. However, not all fish farms have a large impact on the local environment, such as in Denmark (Havbrugsudvalget 2003) , where the fish farms are located in open and relatively exposed areas (dilution as a solution). In turn, this makes the impact of ambient nutrient levels through seston concentration of more importance as concluded by Troell and Norberg (1998) . Potentially, if decoupling of nitrogen source and sink can occur without detriment to the surrounding environment, incentive schemes could be developed, whereby fish farms could purchase nitrogen quotas and trade nitrogen credits in a water quality trading scheme similar to carbon dioxide emissions trading (Birkeland 2011; Chopin et al. 2012) .
The concept of decoupling the nitrogen source and sink is, however, open to debate, as it may be claimed that the assimilated nutrients in a biofilter must specifically originate from the fed organism (e.g. finfish) cultivation, even though the amount of recovered N may be the same. Additionally, Danish authorities have argued that marine water bodies should be divided into regulated zones, with the entire IMTA practised within small designated areas, which may not necessarily take the physical and biogeochemical properties of the region into consideration. However, the Danish Aquaculture Organization is frustrated by lack of clear guidelines from the Ministry of Environment, and the trade organization strongly argues that the IMTA coupling does not have to be so 'tight'/closely located (L.J. Plesner, Danish Aquaculture Organization, Denmark, pers. communication). Ultimately, a clear understanding of nutrient dispersal within and from water bodies will dictate whether decoupling of nitrogen sources and sinks is a practical idea.
Cost-effectiveness of both biofilter production and nitrogen removal was also calculated and compared for mussels and seaweeds (Table 3) . Nitrogen removal production costs become a direct proportion of biomass production costs, because variability of the nitrogen content in seaweed and mussel tissue is assumed to be relatively stable at the time of harvest. Consequently, the production costs of biomass need to be reduced as much as possible in order to reduce the costs of removing N. When the revenue of the fish production is taken into account, a Danish fish farmer can earn €33 kg −1 of the N they release from the farm (revenue of the fish farm divided by the total nitrogen released from the fish farm; Holdt et al. 2006) . Some of this revenue could be used to install biofilters to clean up or assimilate the nitrogen produced, with benefits including an increased permit to culture finfish and the value of the biofilters themselves as crops that have a nitrogen credit value. For example, in an Irish study, Ferreira et al. (2007) quantified the value of nitrogen bioremediation from bottom culture of blue mussels as being worth approximately ∼€31,300 (£27,000). This was estimated from the amount of nitrogen removed by the mussels (equivalent to the sewage discharge of nitrogen by 135 population equivalents) and the land-based treatment costs of this waste. The cost of nitrogen removal in a wastewater treatment plant is €1.48 kg −1 N removed in Denmark (based on a 4-year average of 22 wastewater treatment plants; Ministry of the Environment 2004). Lindahl et al. (2005) suggest a trading system for a mussel biofilter to reduce nitrogen and improve the coastal waters in a case study with mussel cultivation in the coastal water near a sewage treatment plant in the Lysekil municipality. This cost of nitrogen removal was estimated to cost US$9.70 kg
, and such a trading company that produced biofilter mussels could in this case charge a reduced cost to the emitter of at least US$5.25 kg −1 of removed nitrogen to take into account the additional social benefits such as job creation. The large differences between seaweed and mussel production costs in this study may be attributed to the maturity and scale of each respective industry; the rope mussel industry has been established in Denmark and Ireland for at least 35 years (Browne et al. 2008; Dansk Skaldyrcenter 2013) , with resulting economies of scale and improvements in production efficiencies, whereas the pilot or commercial-scale seaweed production is only 10-15 years old at the very most (Edwards and Watson 2011) .
The productivity or yield of the biofilter also impacts on the production costs, requiring efforts to improve the efficiency of the seaweed and mussel methods for biomass production per metre of longline. For example, the Irish seaweed cultivation examples clearly show a steady decrease in the production costs of biomass (Fig. 3) . The decrease in production costs of €300 t −1 within 2 years was due to different yield estimates applied in 2011 and 2013 (7 and 10 kg m −1 cultivation rope, respectively), whilst keeping cost estimates and areal deployments the same. The significant difference between the most efficient Irish production example and the Danish example of €40 t −1 can be explained in part by the deployment method used. Currently, both Irish and Danish average yields of 10 kg m −1 are very similar (M. Murphy, pers. communication;
R. Bjerregaard, pers. communication), but the Danish deployment method uses 5-m vertical droppers to grow the seaweeds, whereas in Ireland, the seaweed is deployed horizontally across the length of the header rope. The difference between these two methods result in up to 10 times the productivity (assuming seaweed growth is consistent from top to bottom of the droppers, and droppers are spaced 1 m apart; e.g. Fig. 1 ). Sanderson et al. (2012) found a decrease in S. latissima biomass by depth of cultivation (from around 8 kg wet weight at 1-m depth, to approximately 2 kg wet weight at 7-m depth), with an average of 4 kg wet weight per metre of dropper, which demonstrates site conditions and longline configurations can affect productivity greatly. The mechanization and rationalization of the two mussel production methods investigated by Møhlenberg et al. (2010) are significantly different. The two systems (single longline and Smartfarm™) represent a labour intensive and a labour extensive system, respectively. The traditional longline system demands significant manual labour in Denmark, because only a few processes have been mechanized. The cleaning of equipment and the stocking of single droppers are very timeconsuming and is, therefore, a cost-intensive process (Møhlenberg et al. 2010) . Estimations predict that machines will be developed for both production methods within a few years, and this will reduce the need for much of the manual (Abreu et al. 2009) a Data derived experimentally. Extrapolated from 386 (81 ha) A. esculenta and 495 (104 ha) S. latissima rafts used for N uptake from a 1,800 t salmon farm in Canada (6 kg body×300,000 fish) over a 2-year fish grow-out cycle b Modeled data, 80 ha of S. latissima will remove 10 t N from a 1,000-t salmon farm in 120 d. Total of 44 t N excreted per salmon farm after 1 year, therefore, 352 ha seaweed required to remove all N c Data derived experimentally. Extrapolated from 100 ha minimal areal requirement to reduce N loads from a 1,500-t salmon farm in Chile labour. Significant work on the development of harvest machinery is also in progress, reducing time used for harvesting of mussels on longlines. All of these improvements will eventually lower production costs; however, the traditional longline system will not likely be rationalized and mechanized (cleaning, stocking, harvest efficiency) in the same magnitude as anticipated for the Smartfarm™ system (Møhlenberg et al. 2010 ). Likewise, improvements should be made for more efficient cultivation technologies and harvesting methods in the developing European seaweed cultivation. Breeding or species strain enhancement of seaweed has great potential, particularly for European kelp species, although this has yet to be exploited commercially. The species currently with the greatest potential for IMTA in Europe are the large brown seaweeds ('kelps') including S. latissima, A. esculenta, Laminaria digitata, L. hyperborea and Polyschides sacchoriza, although water salinity and temperature will restrict particular species to certain areas and latitudes (Lüning 1990 ). The kelps are suitable for IMTA due to the understanding of their life cycles, suitability for rope culture in open sea cultivation systems, yield (which can be harvested in one growth season of 4-6 months), fast specific growth rate and commercial potential. Breeding of strains with high biomass yields, high protein content or enhanced disease resistance should increase the biofilter capacity of the seaweed near an IMTA system because the biomass will be able to assimilate more nitrogen. Recently, a Danish project was initiated with this intended aim and will include the optimization of the production and harvest season on the species S. latissima (Kombiopdraeet 2013) .
In addition to the nutrient assimilative capacity, areal requirements and costs, the choice of biofilter should also be made based on the risk of loss, social acceptance and value of the additional crop. Loss of biomass can occur when longlines are damaged by rough weather, entanglement with other structures such as boats or rafts etc.; however, these risks of loss are assumed to be equal for both mussels and seaweed. Broch and Slagstad (2012) furthermore suggest that kelp cultures may have some local negative impacts due to dissolved and particulate matter eroded from fronds. Loss can also occur due to grazers or predators. The blue mussels have a natural enemy which is highly abundant in Denmark (P. Andersen, Orbicon, Denmark, pers. communication). Colonies of eider ducks (Somateria mollissima) have been observed to forage in flocks and have already shown to represent a large loss of biomass, consequently reducing capacity of mussels to function as a biofilter (Ross et al. 2001; P. Andersen, pers. communication) . Large-scale problems of grazers damaging seaweed biomass in rope culture have yet to be reported; however, epiphyte and epifaunal fouling (Saier and Chapman 2004; Lüning and Pang 2003) can be a major issue for both types of organisms, especially if the biomass is needed for a high-value end product (e.g. for human consumption). Normally, this fouling is most dominant during the summer, and can be avoided by seasonal choice of cultivation and harvest times, and the maintenance of a high density of mussels or seaweed on the culture ropes (Lüning and Pang 2003; Jansen et al. 2011; R. Bjerregaard, pers. communication) .
The value of the extractive organism as a co-product should also be taken into account, as this is one of the most likely incentives for establishing an IMTA system. The total production of 540 t (161 t for live export and 379 t for human consumption) of monoculture blue mussels had a retail value of €269,000 (€0.5 kg −1 ) in Denmark in 2011 (Danish Aquaculture Statistics 2013b). In Ireland, the total production of blue mussels (rope and bottom culture) in 2007 was 29,470 t, with a retail value of €28.7 million or €0.97 kg −1 (Browne et al. 2008) .
Restrictions in the end use of biofilter crops are a risk to be considered. The value or price of the biofilter (e.g. wastewater management and value of the increased fish production by compensating with biofilters) is realized once the biofilter biomass is harvested. However, should the crop be intended as feedstock for further processing/use, there is a risk that the value of the biofilter crop can fluctuate, depending on the individual cultivation circumstances. This can often be due to the differences in the biology of the crops. For example, mussels can filter harmful microalgal blooms and accumulate domoic acid and other harmful toxins, which can cause shellfish poisoning (Hallegraeff 1993) . The final value of the mussel biofilter crop can therefore decrease if some or all of the products cannot be sold for human consumption. On the other hand, a similar scenario can occur for seaweeds, which will uptake and accumulate heavy metals if present in the ambient waters (Holdt and Kraan 2011; Besada et al. 2009 ). These issues are more than likely to be species-and sitespecific. Analysis of mussel and seaweed tissue from a Canadian IMTA system suggests that concentrations of heavy metals, PCB's and pesticides were found to be below the regulatory limits prescribed by the Canadian Food Inspection Agency, the USA Food and Drug Administration and the European Community Directives .
Whole seaweeds and their extracts are incorporated into countless products such as health-food snacks, sushi, as a stabilizing agent, cosmetics and health care products, as well as being produced as a fertilizer worldwide (Hafting et al. 2012; Arasaki and Arasaki 1983; Holdt and Kraan 2011; Mouritsen 2013; Craigie 2011) . The potential use of seaweed for bioenergy is also being studied including biorefinery concepts (Bruton et al. 2009; Alvarado-Morales et al. 2012; Algal Biorefinery 2013; Energetic Algae 2013) . The value of the seaweed product differs widely from biofuel production and fertilizers at the low end of the value range to cosmetics and health care products at the high end (Bruton et al. 2009) , and is, therefore, difficult to predict and discuss. However, bioeconomic models for IMTA with predictions on different scenarios of this multi-crop system show that the security of the farm increases, because the harvest are not dependent on one crop and the market value that may be subject to change (Barrington et al. 2009; Ridler et al. 2007) . Furthermore, the current net values for both seaweeds and mussels were higher from IMTA than monoculture when investing in aquaculture (Barrington et al. 2009; Ridler et al. 2007 ). This is before considering the value of the mussels or seaweed in the management of wastewater (i.e. through N quotas as discussed) that may allow more fish to be produced as per the 'Danish model'. For example, the estimated value of the income loss of Danish fish farming is €1.5 billion, due to the missed opportunities for exploitation of the growth potential of the enterprise (Holdt et al. 2006 ). The Danish national authority's recognition of the use of seaweed and mussels as biofilters as a means for better fish production practice is unique in the Western world (Holdt et al. 2006; Havbrugsudvalget 2003; Buschmann et al. 2008 ). At present, only a few marine fish farmers have initiated this integration (IMTA) in Denmark, but more fish farmers are embracing the concept of IMTA and the production of additional 'biofilter' crops and intend to incorporate them in their future fish production licenses. Naturally, as the Danish government requires the reduction in the loss of nitrogen from fish farms to the marine environment, fish farmers in Denmark are primarily interested in IMTA due to their N budget and the effects of bioremediation, whereas the value of the extra crop(s) is a secondary consideration.
The development of the social acceptance of aquaculture should also be taken into account. Whereas traditional agriculture is a widely accepted and essential human activity practised for thousands of years, aquaculture experiences greater societal challenges despite broad recognition that aquaculture has the potential to feed an ever-increasing human population (FAO 2012) . While cultivation of biofilters may require large areas and multiple structures in the sea, IMTA is a sustainable concept, which may counteract the 'visual pollution' as some people may see it. Farming of the sea should in the future become just as normal as the farmed land habits. Aquaculture and agriculture should strive for environmental sustainability as well as productivity. Promotion of the synergies between the agricultural sector (land-based production system) and seaweed production such as sugar kelp (sea-based production system) could stimulate economic growth and a continuous improvement of the environment (Hansen 2011) . The loss of nutrients from agricultural production systems to the marine environment has induced several water protection schemes targeting the agricultural sector (Hansen 2011; Iversen et al. 1998) . However, a synergy may be created between the sectors by recycling the land-based lost nitrogen assimilated in the seaweed and reused as fertilizer, possibly incorporated into a biorefinery concept. This would create a theoretical framework that makes the collection of nutrients from neighbouring ecosystems possible (Hansen 2011) , in effect, another form of N quota system.
Conclusions
The use of blue mussels and seaweeds (kelps) as biofilters of nutrients (nitrogen) within an integrated multi-trophic aquaculture (IMTA) system provides a possible mechanism for fish farmers to reduce the nitrogen loss from e.g. salmonid cultivation in sea cages. This biofiltration (best available technology) may lead to an increase in fish production in the Danish example presented. However, both seaweed and mussel biofilters require large culture areas, which may be restrictive. At present, mussels are a more efficient and cost-effective biofilter than seaweed, although seaweed cultivation is still in the early stages of development within Europe. The biofilters could also be spatially decoupled from the source of the nutrients (although this is dependent on suitable local bathymetric conditions) and may also be considered as a means of developing the trading of nutrient credits. Risk of loss of the biomass (predation, fouling etc.), value of the biofilter crop, improvements to yield (longline design, breeding etc.) and social acceptances are all important aspects to consider. More upscaling of IMTA to commercial proportions would allow studies of e.g. the environmental impact on the capacity of coastal areas, water and bottom quality, biodiversity and result in more real data on production costs and revenues.
